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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 
APPLICATION FOR PATENT 

PROCESS AND ASSEMBLY FOR 
NON-DESTRUCTIVE SURFACE INSPECTIONS 

Inventors: Norbert Marxer, Kenneth P* Gross, 

Herbert Altendorfer and George Kren 

5 CROSS-REFERENCE TO RELATED APPLICATIONS 

The present application is a continuation-in-part 
application of U.S. Patent Application Serial No. 
08/216,834, entitled "Process and Assembly for Non- 
Destructive Surface Inspections," filed March 24, 1994 
10 and of U.S. Patent Application Serial No. 08/533,632, 
entitled "System for Surface Inspection," filed 
September 25, 19 95. 

BACKGROUND OF THE INVENTION 

15 The invention described in the present disclosure 

relates to a process and an assembly for the non- 
destructive inspection of surfaces, particularly for the 
measurement of small particles, defects, and 
inhomogeneities on and/or just below the surface of a 

20 test object, such particles, defects, and 
inhomogeneities collectively referred to herein as 
anomalies. It relates in particular to an instrument 
described below as the preferred embodiment for 
inspecting a silicon wafer, the instrument having a 

25 light source that generates a light beam, a beam 
deflector, an optical system that projects the incident 
beam on a light spot perpendicular to the test object, 
a photodetector to which the collected light is guided. 
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and an assembly by which the test object is moved by a 
coordinated trans lational and rotary movement, so that 
the light spot scans the whole of the surface along a 
spiral path. 

5 Such types of process and/or assembly can be used, 

for example in microelectronics, for the non-destructive 
checking and inspection of the surfaces of wafers, 
magnetic storage media, and/or substrates for optical 
applications, to determine the presence of any particles 

10 and/or defects • 

The development of wafer-exposure processes has 
made it possible to manufacture wafer surfaces with ever 
finer structures parallel to this development, 
inspection systems that permit the detection of ever 

15 more minute defects and particles have become 
increasingly important. Apart from particles that 
account for about 75% of all waste in the manufacture of 
integrated circuits (ICS), inspection systems must be 
capable of detecting many other types of inhomogeneity ,, 

20 such as variations in the thickness of coatings / crystal 
defects on and below the surface, etc. 

In the final inspection by wafer manufacturers and 
the inward-goods inspection by chip manufacturers, the 
unstructured, uncoated wafer must therefore be subjected 

25 to extremely searching examination for particle 
contamination, light-point crystal defects, roughness, 
polishing scratches, etc. If the test object has a 
rough surface, then a large amount of stray surface 
scattering will result. Thus, for this purpose, the 

30 test object has a well-polished surface that produces 
very little diffused light. 

In chip manufacture it is usual to monitor each 
stage of the process, in order to recognize problems as 
early as possible and thus avoid undue waste. One 

35 method of process monitoring is to use so--called monitor 



3 



wafers which remain unstructured but pass through some 
of the process stages. Comparison of two measurements, 
the first before the process stage and the other after 
it, can thus, for example, help determine the amount of 
5 particle contamination due to that process stage or 
indicate variations in the evenness of the process 
stage, for example the distribution of the coating 
thickness over the whole of the wafer. The surfaces 
subjected to inspection may be rough and metallized, and 

10 therefore, produce a great deal of diffused light, or 
they may be film-coated surfaces that cause 
interference-fringe effects. Thus, ideally the 

inspecting instrument has a wide dynamic range to permit 
defect and particle detection of a wide variety of 

15 surfaces. 

PRIOR ART 

For the type of inspection described above, so- 
called laser scanners are particularly suitable. An 
important feature of these is their high sensitivity to 

20 very small defects and the ability to determine the 
presence of these, and their high throughput. The main 
differences in the laser scanners now available are the 
type of scanning they use, their optical configuration, 
and the manner in which the results are processed. 

25 For applications that require a high throughput and 

100% inspection of the whole wafer surface, two 
processes are mainly used. In the first of these, for 
example as described in U.S. Patent No. 4,314,763, the 
illuminating beam and the collecting optics are 

30 stationary, and the test object is scanned spirally by 
means of a coordinated trans lational and rotary movement 
of the test object itself. In the second process, for 
example as described in U.S. Patent No. 4,378,159, a 
rotating or vibrating mirror moves the illuminating beam 
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in one direction linearly back and forth across the 
wafer, and the whole of the wafer is scanned by virtue 
of a simultaneous trans lational movement of the test 
object perpendicular thereto* 
5 Spiral scanning has the following advantages: 

• the optical system has no moving parts and thus is 
simpler; 

• the illuminated spot and the collector system *s 
field remain constant during the whole of the 

10 measurement procedure, hence the system's 

sensitivity is homogeneous over the whole of the 
test object; 

• the system takes up less room, because the test 
object has to be moved only by the length of its 

15 radius; and 

• there is no need to alter the optical system for 
inspection of bigger objects, only the travel of 
the translational stage. 

The advantages of moving the illuminating beam by 
20 means of a mirror or a set of mirrors are: 

• the test object has to be moved in one direction 
only, and this is simpler; and 

• as a rule, scanning is faster. 

In the second scanning method, because the 
25 illuminating spot moves across the test object and thus 
the source of diffused light moves in relation to the 
optical collector system, it cannot ensure an even 
measuring sensitivity, nor does it permit a rotationally 
symmetrical arrangement of the collector optics. These 
30 are serious drawbacks in laser scanners configured in 
this manner. 

Various optical configurations are known from prior 
art in the use of a laser scanner for spiral scanning as 
described above. 
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For example, U.S. Patent No. 4,893,932 describes a 
system which has two differently polarized lasers and 
two corresponding detectors. The diff used-light 
intensity of spheres as a function of their diameter has 
5 oscillations for diameters within the range of the 
wavelength used and increases strictly monotonically for 
smaller diameters. The use of differently polarized 
light reduces the error in the attribution of dif fused- 
light intensity to particle diameter for the spheres of 

10 polystyrene latex (PSL) spheres used for the calibration 
of laser scanners. 

But in practice, the attribution of certain 
dif fused-light intensities to particle diameters depends 
on so many factors, such as substrate material, films 

15 and coatings available, particle material, surface 
texture of particles, etc,, that when the optics and 
calibration of the equipment are designed only for 
polystyrene-latex spheres, they tend to make 
interpretation of the results more difficult. A further 

20 major drawback of this method is that the oblique angle 
of incidence and linear polarization of the laser beam 
break the symmetry. The measured signal thus depends on 
the orientation of the defect. 

Japanese Patent Application No. 63*14,830 describes 

25 collector optics made up of concentric rings, each 
having six fibre-optic light guides, which are directed 
to a photomultiplier . The drawbacks of this arrangement 
are that it fails to cover the central zone near the 
axis, and the discrete arrangement can achieve 

30 rotational symmetry only approximately. 

EP-A-0,290,228 describes an arrangement whereby the 
diffused light is conducted to two detectors. The first 
detector collects light deflected by about 40mrad to 
lOOmrad, the second collects light diffused by more than 

35 lOOmrad. Such an angle-resolving method of measurement 
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by means of two detectors makes it possible to classify 
the defects, but because the collector angle is limited, 
the system cannot measure very small defects. 

DE-A4 , 134 , 747 describes a similar solution that 
5 uses two detectors designed as arrays, one of which 
measures the radial and the other the azimuthal light 
distribution. In this system the test object rotates 
and the optical system moves linearly. 

DD 250,850 also describes an angle-resolving method 

10 of measuring diffused light by means of fiber-optic 
light guides arranged in a circle. 

Both the above methods have the drawback that the 
collector angle is much smaller and closer to specular 
than that described in the present disclosure. 

15 In this connection, U.S. Patent No. 4^314,763 

describes a design in which perpendicular incident light 
and rotational symmetry of the collector optics about 
the perpendicular of the test object permit measurements 
regardless of the defect's orientation. But the lens 

20 system used only has a small collector angle and this 
limits the capability of the design in detection of very 
small particles at a high throughput rate. 

The same inventor's U.S. Patent No. 4,598,997 
improves the measurement of textured or structured 

25 surfaces by the addition of a special mask to the design 
described above. The purpose of the mask is to suppress 
the rays deflected by these structures. 

A significant drawback of prior art systems is the 
inability to detect very small surface or near surface 

30 defects and particles. With the continual reduction in 
size of semiconductor structures on wafer surfaces, it 
is critically important to be able to detect such small 
anomalies. As shown in table 34 of The National 
Technology Roadmap for Semiconductors by The 

35 Semiconductor Industry Association, 1994, the 
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requirements for defect and particle detection 
sensitivity will be 0.08 micron in 1998, 0.05 or 0.06 
micron in 2001 and down to 0.02 micron in 2010. None of 
the above referenced systems is capable of achieving 
5 sensitivities that are close to such requirements. 

SUMMARY OF THE INVENTION 

As noted above, it is difficult for prior art 
systems to detect small anomalies such as small 
particles and defects. Small particles or defects 

10 scatter light at large angles to the normal direction of 
the surface when the surface is illuminated in the 
normal direction. In normal illumination prior art 
systems where the light scattered by the surface is 
collected by a lens system where the axis of the lens 

15 system is along the normal direction, the lens system 
will collect only a small portion of the light scattered 
by such small anomalies. If large anomalies such as 
particles or surface defects are also present in 
addition to the small anomalies, the scattering from 

20 such large anomalies will be at much higher intensities 
compared to and will mask those caused by the small 
anomalies so that the small anomalies become difficult 
or impossible to detect. One aspect of the invention is 
based on the recognition that, since the scattering from 

25 the large anomalies is at much higher intensities at 
specular or near specular collection angles (that is, 
small angles to the normal) than at large collection 
angles whereas the scattering from small anomalies have 
intensities which are more evenly distributed in all 

30 . directions to the normal, with most of the energy 
contained in the larger angles. The detection of the 
small anomalies can therefore be much enhanced by using 
an ellipsoidal mirrored surface to collect light 
scattered at relatively large collection angles to the 
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normal and avoiding light scattered at specular or near 
specular directions. 

Thus, one aspect of the invention is directed 
towards an optical system for detecting contaminates and 
5 defects on a test surface comprising a source of light 
to produce a beam, means for directing the beam along a 
path onto the test surface, producing an illuminated 
spot thereon. The system further includes an 

ellipsoidal mirrored surface having an axis of symmetry 

10 substantially coaxial with the path, defining an input 
aperture positioned proximate to the test surface to 
receive scattered light therethrough from the surface. 
The mirrored surface reflects and focuses light that is 
rotationally symmetric about said axis of symmetry and 

15 that passes through the input aperture at an area. The 
system further includes means for detecting light 
focused to the area. 

When it is known that the surface scattering or 
haze level is low, and that there are few large defects 

20 or point-anomalies, detection sensitivity for small 
anomalies can be further enhanced by adding to the 
ellipsoidal mirrored surface of the above apparatus a 
lens assembly that collects light scattered in a small 
angle region near the specular direction and focuses the 

25 collected light to the same area as the ellipsoidal 
mirrored surface. 

Another aspect of the invention is based on the 
observation that larger particles scatter light at 
smaller angles to the normal direction of the surface 

30 (i.e. direction of the specularly reflected beam) 
compared to smaller particles, and the light scattered 
by the smaller particles is lower in intensity compared 
to the light scattered by larger particles or defects. 
Where light scattered in a range of angles covering the 

35 collection angles for both large and small particles is 
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collected and directed to a single detector means, and 
if the detector means is optimized for detecting the low 
intensity light scattered by smaller particles, the 
detector means may become saturated by the high 
5 intensity light scattered by larger particles. On the 
other hand, if the detector means is optimized for 
detecting the high intensity light scattered by larger 
particles, it is not optimized to detect low intensity 
light scattered by the smaller particles. 

10 Furthermore, the surface texture itself produces a 

certain amount of diffracted light in addition to the 
light scattered by particles. This surface light 
scatter, commonly referred to as haze, tends to be 
concentrated at smaller angles near the specularly 

15 reflected light beam. If a single detector arrangement 
is used to detect scattered light from both large and 
small particles or defects, the effect of haze is to 
significantly degrade the signal-to-noise ratio for the 
detection of the smaller defects and particles. 

20 This aspect of the invention is based on the 

observation that, by collecting scattered light in 
directions close to and at smaller angles to the 
specular reflection direction separately from light 
scattered at larger angles to the specular reflection 

25 direction and directing the light scattered at smaller 
angles to a different detector than the light scattered 
at larger angles, it is now possible to optimize the two 
or more detectors separately. Thus, two or more 
detectors are used: at least a first detector for 

30 detecting the low intensity light scattered by smaller 
particles at larger angles to the specular reflection 
direction, and at least a second detector for detecting 
the high intensity light scattered by larger particles 
at smaller angles to the specular reflection direction. 

35 The first detector will not be seriously affected by 
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scattering due to haze, since such scattering decreases 
rapidly at larger angles from the specular reflection 
direction . 

The above concept is applicable even where the 
5 light beam for illuminating the surface to be inspected 
is at an oblique angle to the surface instead of being 
perpendicular to the surface and is also applicable for 
the differentiation, characterization and/or 
classification of different types of surface or near 

10 surface anomalies (referred to below simply as anomalies 
of surfaces or surface anomalies), including but not 
limited to anomalies such as scratches, slip lines, 
crystal originated particles (COPs) as well as 
contamination particles. 

15 As indicated above, the requirements for detection 

sensitivity are becoming more and more stringent. For 
such purpose, it is desirable to focus the illuminating 
beam onto a small spot on the inspected surface, such as 
one no larger than 50 microns in dimensions in any 

20 direction on the surface. This will enhance signal-to- 
noise ratio. 

Thus, another aspect of the invention is directed 
towards an' apparatus for detecting anomalies of 
surfaces, comprising means for focusing a light beam 

25 along a path towards a spot on a surface, causing a 
specular reflection, said spot having dimensions less 
than 50 microns; means for causing rotational and 
translational movement of the surface, so that the beam 
scans the surface along a spiral path. The apparatus 

30 further comprises a first detector located to detect 
light scattered by the surface within a first range of 
collection angles and a second detector located to 
detect light scattered by the surface within a second 
range of collection angles, said second range being 

35 different from the first range; and an ellipsoidal 
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mirrored surface defining an input aperture positioned 
approximate to the surface to receive scattered light 
therethrough from the surface, the mirrored surface 
reflecting and focusing light passing through the input 
5 aperture at the first detector; and a lens assembly 
collecting light passing through the input aperture, 
defining collected light, said lens assembly focusing 
the collected light to the second detector • 

Yet another aspect of the invention is based on the 

10 observation that if the lens used for collecting light 
to a detector is also used to focus the illuminating 
beam towards the. surface inspected, stray reflections 
and scatter of the illuminating beam at the collection 
lens can cause such background light to be detected by 

15 the detector. This introduces errors and is 

undesirable. Thus, another aspect of the invention is 
directed towards an apparatus for detecting anomalies of 
surfaces, comprising means for directing a light beam 
towards a surface in a direction substantially normal to 

20 the surface, said direction defining an axis; means for 
causing relative motion between the surface and the 
beam, so that the beam scans the surface; and means for 
detecting light scattered by said surface. The 
detecting means includes at least one lens for 

25 collecting light to be detected, wherein the directing 
means directs light towards the surface along an 
illumination path that does not pass through said at 
least one lens. The detecting beam preferably includes 
at least two detectors: a first detector located to 

30 detect light scattered by the surface within the first 
range of collection angles from the axis and a second 
detector located to detect light scattered by the 
surface within a second range of collection angles from 
the axis, said second range being different from the 

35 first range. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig.l is a perspective view of a wafer-inspection 
assembly, with two wafer cassettes and an automatic 
wafer-transport and wafer -measuring device. 
5 Fig. 2 is a diagrammatic representation of the 

present state of the art. 

Fig. 3 is a further diagrammatic representation of 
prior art, but fitted with an assembly as described in 
the present disclosure. 
10 Fig. 4 shows a first embodiment of an assembly as 

described in the present disclosure. 

Fig. 5A is a graphical illustration of the 
scattered light intensity from PSL spheres of different 
diameters at different angles of collection from the 
15 normal direction of the surface. 

Fig. 5B is a graphical illustration of the surface 
scattering background intensities of silicon at 
different angles of collection from the normal direction 
of the surface. 

20 Fig. 5C is a graphical illustration of the signal- 

to-noise ratio of PSL spheres on silicon at different 
angels of collection from the normal direction. 

Fig. 6 shows a second embodiment of the assembly as 
described in the present disclosure. 

25 Fig. 7 is a schematic view of a surface inspection 

system to illustrate the preferred embodiment of the 
invention. 

Fig. 8 is a graphical plot of the scattered light 
intensity from a silicon surface, and from a large and 
30 a small PSL sphere placed on the surface to illustrate 
the invention. 

Fig. 9 is a schematic view of a> surface inspection 
system to illustrate an alternative embodiment of the 
invention. 
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For simplicity in description, identical components 
are identified by the same numerals. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The purpose of the present invention is, therefore, 
5 to propose a method and an assembly that avoids the 
drawbacks of prior art as described above and whose 
measuring sensitivity for particles and defects on test 
objects subjected to inspection is substantially 
greater, but without limiting haze sensitivity. At the 

10 same time, it should provide simple means to permit the 
adjustment of the sensitivity of the assembly, the size 
of the illuminated spot on the test object, and thus of 
the amount of diffused light generated by point defects. 
In addition, it should make available as large an 

15 unmodified portion of the diffused light as possible, to 
provide a flexible means of selectively separating and 
further processing the relevant parts of the diffused 
light, to suit the particular inspection task at hand. 
The present disclosure achieves these aims by the 

20 characteristic features described below which provide 
the main advantages of the invention, namely: 

• the spatially stationary arrangement of projection 
and collector optics ensures that when the test 
object is moved parallel to its surface the 

25 measuring sensitivity remains constant over the 

whole surface of the object; 

• because the incident beam and collector optics are 
rotationally symmetrical about the perpendicular to 
the test object's surface, the orientation of a 

30 defect such as polishing scratch does not affect 

measuring sensitivity; 

• use of a rotationally symmetrical ellipsoidal 
mirror creates a very large area for the collection 
of diffused light, and this is very important for 
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the detection of particles in the 100 nm range and 
below, that diffuse fairly evenly throughout the 
hemisphere; 

• an appropriate lens system that allows light 
collection in the central zones near the axis is 
particularly important for the detection of 
particles in the l/xm and above range, because of 
the- extensive amount of scattering of such 
particles at smaller angles to the normal direction 
of the surface; and 

• projection on a collection diaphragm of the image 
of the light diffused by the illuminated spot 
provides great design for a large variety of 
aperture configurations and makes possible 
positionally resolved, angle resolved, polarizing, 
and other measurements, without thereby affecting 
the illuminating beam or requiring any adjustments 
to the central part of the assembly, comprising of 
an ellipsoidal mirror, a lens system, a beam 
deflector, and a dark field stop. This is 
crucially important in view of the fact that the 
specified quality of these components is very high 
and precise dimensioning is extremely delicate. 
For example, the haze level for top-quality wafers 
is about SOppb (parts per billion) , hence only 
about 0.000,000,05 of the total amount of light 
introduced is directed to the photosensor. Because 
haze interferes with the measurement of the 
smallest particles, it is essential to keep it to 
a minimum. To prevent measurements being affected 
(impaired), this also means that parasitic and 
ambient light from optical components must be much 
less than SOppb. 

The assembly can be further improved by the use of 
different lens combinations in the projection optics to 
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project the image of the illuminated spot to suit the 
test object, thus providing greater flexibility as to 
the size and shape of the illuminated spot* This also 
makes it possible to adjust the measuring sensitivity to 
5 different types and shapes of particles and surface 
defects that depend on the illuminating spot profile. 

In a useful further development of the invention 
described in the present disclosure by a different 
configuration of the collection diaphragm or of the 
10 light guides above the collection diaphragm: 

• the signal-to-noise ratio can be improved for 
particle measurement by the selective adjustment of 
the optimum collection angle; 

• defects with certain diffusion properties can be 
15 either selected or suppressed; 

• angle-resolved diff used-light measurement for the 
known light-ref lection behavior of different types 
of defects can be used for defect classification; 
and 

20 • certain spatial frequencies of the surface can be 
separated. 

In yet another configuration, variable attenuators 
are fitted above the collection diaphragm to permit the 
photodetector to operate in its optimum working range. 

25 In other words, where the reflection or scattering from 
the surface is at high intensity, such as wher'e the 
surface is metallized, the attenuator will reduce the 
intensity to a value within the detector optimum working 
range. Where the reflection or scattering from the 

30 surface is not at high intensity, attenuation applied by 
the attenuator may be reduced or disabled so that the 
intensity detected is at a value within the detector 
optimum working range. This increases the dynamic range 
of the detector for detecting a wide range of 

35 intensities from a wide variety of surfaces. These are 
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a simple means for reducing the amount of light, but do 
not affect the projection or collector beam. 

Fig. 1 shows a substrate-surface inspection system 
as used mainly for the inspection of wafers. Such 
5 systems are used to display the presence of extremely 
small particles (i,e. about 100 nm in size), crystal 
defects, metallic impurities, polishing defects, 
scratches, and of implant and other inhomogeneities on 
wafers. 

10 One condition for the measurement of very small 

particles in the 8 0nm range is that it must be performed 
in a very clean environment, such as a class 1 clean 
room. 

A state-of-the-art means of ensuring the requisite 
15 cleanliness for such measurements is, for example, the 
use of a flow box and an aerodynamically transparent 
design. 

Fig. 2 is a diagrammatic representation of a state- 
of-the-art surface inspection system based on the 

20 principle of measuring elastic diffusion. A light 
source 1, usually a laser beam, illuminates a dot-shaped 
point 2 on the surface of a wafer 3. The specular 
reflected light leaves the System in the direction of 
arrow BP. A first lens 5 collects part 4 of the light 

25 diffused by the surface and projects its image to a 
photodetector 7. An output signal 8 from the 
photodetector 7 is conducted to an amplifier 9. The 
wafer surface 3 subjected to inspection lies in the so- 
called focal plane 10. If there is a defect at the 

30 . illuminated position 2, the amount of diffused light 4 
increases, as does the intensity of the light reaching 
the photodetector 7, and hence the output voltage (Ua) 
11 from the amplifier 9 also rises. 

Fig. 3 shows an assembly of parts of a surface- 

35 inspection system. The light emitted by a laser 20 
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passes through an optical filter 21, for example an 
attenuator or neutral density filter, to a beam 
deflector 22, such as a mirror or prism, and thence to 
a lens 23 which focuses the light to an illuminated spot 
5 24 lying in the focal plane 10. During the inspection 
procedure the wafer surface 3 subject to inspection lies 
in the focal plane 10. That portion of the diffused 
light 4 which is diffused by the wafer surface 3 passes 
through the collector lens 23 and the collection 
,10 diaphragm 6 to the photodetector 7. In this confocal 
system the aperture 25 in the collection diaphragm 6 
lies in the image 26 of the illuminated spot 24 and its 
shape is more or less the same as that of the spot 24. 
In the calibration phase, a reference medium 27 is 
15 placed in position, preferably below the focusing plane 
10. 

Because the reference medium 2 7 thus lies beyond 
the focusing plane 10, the area of a second illuminated 
spot 28 is greater than the first such spot 24 in the 
20 focusing plane 10. Likewise, in the calibration phase, 
the area 2 9 thus illuminated in the position of the 
collection diaphragm 6 is greater than the image 26. 

Because- the aperture 25 of the collection diaphragm 
6 is still in the same size, only a very small 
25 proportion of the diffused light from the reference 
medium 2 7 now passes through the aperture 25 of the 
collection diaphragm 6 to the photodetector 7. 

An attenuation mechanism for the calibration is 
formed by means of the optical filter 21 and/or by 
30 displacement of the reference medium 27 out of the 
focusing plane 10. 

When the position of the reference medium 2 7 is 
moved along the optical axis 32, this alters the size of 
the illuminated area 2 9 in the position of the 
35 collection diaphragm 6. 
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Thus, if the size of the aperture 25 in the 
collection diaphragm 6 is kept constant, this makes it 
possible to regulate the amount of energy that reaches 
the photodetector 7 . 
5 The typical embodiment shown has an adjustment 

mechanism 37 which consists of a support 34 adjustable 
in height by means of an adjustment screw 33, on which 
the reference medium 21, having surface 30 and volume 
31, is placed^ The support for the reference medium has 

10 a raised rim 38* 

In this typical embodiment the height setting can 
be fixed by means of a clamping screw 35. 

Further, it is of course perfectly feasible to 
integrate at least one refracting element 36, for 

15 example a lens, between the light source 20 and the beam 
deflector 22. 

The lenses, laser light sources, diaphragms, etc., 
described in Figs. 3, 4, and 6 can of course be 
assembled as complete systems, and in practice this is 

20 the case. Thus, for example, the light emitted by the 
light source 20 may be coherent or incoherent, 
monochromatic or polychromatic, unpolarized or 
polarized, and elliptical, linear, or circular, and may 
emanate from one or two lasers of different wavelengths, 

25 a mercury-vapor lamp etc. The lens may be a single 
spherical or cylindrical lens, or a complete lens 
system. Further, to facilitate adjustments to the 
optical system, additional mirrors may be placed between 
the light source 20 and the deflection mirror 22. 

30 For the sake of clarity, the drawings omit these 

details which may, for example, be necessary for 
adjustment and/or calibration. 

For the purposes of the present disclosure it is 
also assumed that the process and assembly described in 

35 the present disclosure are applied to the prior art, in 
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particular to U.S. Patent No. 4,314,763 (Steigmeier et 
al.), whdrein the transport system for spiral scanning 
used to scan the wafer subjected to inspection makes a 
composite movement consisting of translating and 
5 rotation, though the principle as such must be regarded 
as known. 

Moreover, the present disclosure includes a gauge, 
described below, which is essential to ensure that the 
light supplied by the light source is perpendicular to 

10 the test object's surface and that the light source and 
the supply of light remain stationary while the test 
object moves spirally under the light beam during the 
scanning process, maintaining rotational symmetry. 

Fig. 4 shows a first such typical embodiment of a 

15 system as described for the invention in the present 
disclosure. For clarity, this adopts the same reference 
numbers as those used in Fig. 3 for all features that 
occur in both figures. 

As shown, the light emitted by the source 2 0 passes 

20 through a projection lens 36*, via the beam deflector 
22, to the illuminated, spot 24 on the test object 
(wafer) 3. In this case, the size and shape of the 
illuminated ^pot 24 are determined and adjusted solely 
by the image produced by the projection lens 36' system. 

25 The light Lq directly reflected by the wafer 3 passes 
along the same path back to the light source, and a 
dark-field stop 41 helps ensure that the directly 
reflected near specular light Lq does not reach the 
photodetector 7. 

30 Any surface inhomogeneities that may be present on 

the wafer 3 subjected to inspection diffuse the incident 
light throughout the hemisphere above the illuminated 
spot 24. An ellipsoidal mirror or mirrored surface 42 
is provided to ensure that the maximum amount of the 

35 diffused light is transmitted to the photodetector 7? 
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the mirror 4 2 is fitted rotationally symmetrically about 
the optical axis above the illuminated spot 24 and below 
the beam deflector 22. 

The internally silvered or aluminized ellipsoidal 
5 mirror 42 is shaped as a partial rotation ellipsoid. 
The beams of diffused light Lj and Lz and all the 
rotationally symmetrical beams thus collected by the 
ellipsoidal mirror 42 form the image of the illuminated 
spot 24 on the aperture 25 of the collection diaphragm 
10 6. 

In this, the collection diaphragm 6 has the task, 
on the one hand, of preventing unwanted diffused light 
that may, for example, be produced in the optical 
components, from reaching the photodetector 1, and, on 

15 the other, of allowing the beams of diffused light Li 
and 1j2 from the illuminated spot 24 to pass* 

The advantages of the optical inspection system of 
Fig. 4 will now be described in reference to the 
scattering characteristics of small anomalies 

20 illustrated in Figs. 5A-5C. Fig. 5A is a graphical 
illustration of the scattering light intensities from 
PSL spheres of different diameters collected at 
different angles of collection from the normal direction 
to the surface. As shown in Fig, 5A, for the same size 

25 PSL sphere, the intensity of scattered light at a 
smaller collection angle to the normal is smaller than 
that at ^a larger angle of collection. Sensitivity of 
detection is the ability to differentiate a signal 
originating from an anomaly from that originating from 

30 background. Therefore, in addition to accounting for 
the strength of the light signal from the anomaly, the 
strength of the background signal will also have to be 
taken into account; this is illustrated in Fig. 5B. As 
shown in Fig, 5B, it is clear that the scattering 

35 background intensity of silicon is much stronger at near 
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specular collection angles in the range of 2 to 5** as 
compared to that at large collection angles to the 
normal such as 65 to 85 or 25 to 65^. Fig. 5C is a 
: graphical plot of the signal-to-noise ratio as a 
5 function of sphere diameter for the four different 
ranges of collection angles* From Fig, 5C, it is clear 
that the signal-to-noise ratio at large collection 
angles is much better for small particles compared to 
that at near specular or small collection angles. 

10 The optical system of Fig. 4 includes an 

ellipsoidal mirror 42 shaped to collect light at large 
collection angles to the normal direction and avoids 
collecting light at near specular or small collection 
angle directions. Thus^ from Fig. 5A it is evident that 

15 at the same collection angle, the scattering intensity 
from a large particle is generally higher than that from 
a smaller particle. It is also further observed that at 
certain particle size, there will be essentially near 
zero intensity of scattered light in the range of near 

20 specular directions whereas there may still be 
detectable scattering intensity at larger collection 
angles. For example, if the scattering intensity from 
0 to 5 is avoided altogether, particles smaller than 
100 nanometers are still detectable at collection angles 

25 of 3 to 25'', 25 to 65** and 65 to 85°. But if the same 
detector used to detect smaller particles also detects 
light in the near specular region, detection of light 
scattered by such small particles will be made difficult 
by light from the larger particles, and by the surface 

30 background as well. At a sphere size of about 100 
nanometers, it appears that such smaller spheres are 
detectable only within the ranges of 3 to 25'' and 25 to 
es"" so that if light is collected only within such 
ranges, detection of light from such tiny particles will 

35 not be made difficult by light from the larger particles 
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and are detectable. However, very large surface 
scattering (haze) levels will mask the detection of 
small particles within the collection angles 3 to 25^. 
The system of Fig. 4 is therefore advantageous for 
5 detection of small particles and defects since it 
collects only light within one or more ranges of the 
larger collection angles such as 25 to 65"", 65 to 85"" 
and not 2 to 5° or even 3 to 25^ from the normal. 

Fig. 6 shows the function of two lenses 39 and 40 

10 in connection with the ellipsoidal mirror 42 and the 
separate rays L3, L4, L5, and Le that indicate beams of 
diffused light. The configuration in Fig. 6 may be 
useful where the number of larger particles or defects 
on the semiconductor wafer surface is insignificant 

15 compared to the small particles or defects and also for 
very low background surfaces. In such circumstances, it 
may be advantageous to also collect light in the range 
of small collection angles 3 to 25 from the normal 
direction of the surface by means of one or more lenses. 

20 However, to include collection in the near specular 
region (2 to 5*") is undesirable. 

The important new features in Fig. 6 are two lenses 
39, 40 in the optical path between the beam deflector 22 
and the illuminated spot 24^ i.e. a first lens 39 and a 

25 second lens 40 placed on the optical axis, for the 
purpose of collecting as much light as possible and 
focus the light to the same area as the mirror 42. This 
is exactly the same purpose as that pursued and achieved 
by the use of an ellipsoidal mirror 42 which is part of 

30 a rotation ellipsoid and whose axis of symmetry is 
parallel to the optical axis, and where the two focal 
points of the ellipsoid lie, on the one hand, in the 
illuminated spot 24 and, on the other, in the image 26. 
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The use of the two lenses 3 9 and 4 0 in conjunction 
with the ellipsoidal mirror 42 increases the collection 
area. 

i 

Two lenses are necessary to prevent the rays from 
5 the ellipsoidal mirror striking the focusing unit 
located on the optical axis and to maximize the area 
between the beam deflector 2 2 and the illuminated spot 
24. In other words, the use of two lenses enables more 
light to be collected while retaining the function of 

10 focusing the incoming illuminating beam onto spot 24 and 
the outgoing scattered light onto image 26. The 
position and focal length of these lenses must be so 
chosen as to ensure that the focusing unit on the 
optical axis also forms an image of the light spot on 

15 the collection diaphragm 6 in front of the photodetector 
7. As described above in connection with Fig. 4, unless 
it has already been integrated in the beam deflector, 
the dark-field stop 41 prevents directly reflected near 
specular laser light and any light diffused by optical 

20 components from reaching the photodetector 7 . 

With the introduction of locally resolved 
measurements, for exiample by the use of detector arrays 
instead of a simple photodetector 7, the signal-to-noise 
ratio can be further improved, because the effect of 

25 haze is equally powerful on all the detectors but the 
light-point defect (LPD) produces a greater response in 
some detectors than in others. 

To ensure that the photodetector operates in its 
optimum working range when the substrate subject to 

30 inspection produces substantial diffusion, it may be 
necessary to use attenuators 79 between diaphragm 6 and 
photodetector 7 to increase the dynamic range of the 
photodetector. 

As already described, the use of combined spherical 

35 and cylindrical lenses 36 ' , instead of a simple 
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cylindrical lens 36 in a state-of-the-art assembly, can 
be useful to adjust the size and shape of the light 
beam projected to the illuminated spot 24. 

Because the brightness of the reflected light that 
5 appears in the image 26 is increased by the means 
described above, angle-resolved measurement also becomes 
possible, for example by the use of light guides fitted 
between the collection diaphragm 6 and the photosensor 
7, in order to eliminate certain angels of diffusion. 

10 Also to eliminate rays . at certain angles of 

diffusion, the configuration can be further altered by 
the provision of a second diaphragm 6' (not shown) above 
or below the collection diaphragm 6. 

As noted above, it may be desirable to collect and 

15 direct at a detector, light at large collection angles 
without mixing such collected light with light within 
small collection angles or near specular reflection for 
the purpose for detecting tiny particles or defects. 
Where detection of larger particles and defects is also 

20 desired, it may be advantageous to use a second detector 
to detect light within small collection angles (e.g. 3 
to 25 degrees) to the normal in the manner shown in Fig. 
7. 

As . shown in Fig. 7, the surface inspection system 
25 1010 may be used for inspecting anomalies on a surface 
1012. Surface 1012 is illuminated by a substantially 
stationary illumination device portion of system 1010 
comprising a laser beam from a laser source (not shown) . 
The laser beam 1014 is passed through polarizing optics 
30 ' 1016 of the device portion to cause the laser beam to 
have the desired polarization state when used to 
illuminate surface 1012. Laser beam 1014 is then passed 
through a beam expander and aperture 1018 and beam- 
forming optics 1020 to expand and focus the beam 1014'. 
35 The beam 1014' is then reflected by a beam folding 
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component 1022 and a beam deflector 1024 to direct the 
beam 1014*' towards surface 1012 for illuminating the 
surface. In the preferred embodiment, beam 1014'' is 
substantially normal or perpendicular to surface 1012, 
5 it being understood that this is not required and many 
of the advantages of the invention described herein are 
equally applicable where beam 1014*' is at an oblique 
aingle to surface 1012* 

In the preferred embodiment, beam 1014'' is 

10 substantially perpendicular or normal to surface 1012 
and beam deflector 1024 reflects the specular reflection 
of the beam from surface 1012 towards component 1022, 
thereby acting as a shield to prevent the specular 
reflection from reaching the detectors. The direction 

15 of the specular reflection is along line SR normal to 
surface 1012, In the preferred embodiment where beam 
1014'' is normal to surface 1012, this line SR coincides 
with the direction of illuminating beam 1014'', where 
this common reference line or direction is referred to 

20 herein as the axis of system 1010. Where beam 1014'' is 
at an oblique angle to surface 1012, the direction of 
specular reflection SR would not coincide with the 
incoming direction of beam 1014'*; in such instance, the 
line SR Indicating the direction of the surface normal 

25 is referred to as the principal axis of the collection 
portion of system 1010. 

Light scattered by small particles are collected by 
mirror 103 8 and directed towards aperture 1040 and 
detector 1044. Light scattered by large particles are 

30 collected by lenses 10 32 and directed towards aperture 
1036 and detector 1042. Large particles will also, of 
course, scatter light that is collected and directed to 
detector 1044, and small particles will also scatter 
light that is collected and directed to detector 1042 

35 but such light is of relatively low intensity compared 
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to the intensity of scattered light the respective 
detector is designed to detect. 

To illustrate the preferred embodiment of the 
invention, Fig. 8 shows graphical plots of the scattered 
5 light intensity (1050) from a silicon surface, that 
(1054) from a small PSL sphere of the order of 100 
nanometers (nm) diameter placed on the surface and that 
(1052) from a large PSL sphere of the order of 1 micron 
diameter placed on the surface. In reference to Fig. 7, 

10 the polar angle of Fig* 8 indicates the collection angle 
of the scattered light away from the axis SR of system 
1010. Thus, the intensity at a polar angle of zero 
degrees would indicate the intensity of light reflected 
or scattered by surface 1012 or the PSL sphere along the 

15 axis SR of system 1010 as shown in Fig. 7. As shown by 
curve 1050, in Fig. 8, the light scattered by the 
silicon surface falls off rapidly away from the polar 
angle zero, where specular reflection occurs. The 
light scattered by the silicon surface away from the 

20 specular reflection direction is frequently due to haze; 
as shown in Fig. 8, light scattering due to haze falls 
off rapidly with increasing collection angles to the 
axis of the' system. Specular reflection as well as 
scattered light at collection angles up to about 5° are 

25 deflected by deflector 1024 and does not reach any one 
of the two detectors 1042 or 1044. Light scattered at 
collection angles within the range of 5-20"" from the 
axis SR of system 1010 are collected by lenses 1032 and 
deflected by beam deflector 1034 towards an aperture 

30 1036, so that the portion of the beam that passes 
aperture 1036 is detected by detector 1042. Light 
scattered at collection angles in the range of about 25 
to about 70 degrees are collected by mirror 1038 and 
focused towards an aperture 1040 so that the light that 
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passes through the aperture is detected by detector 
1044, 

The angular distribution of light scattered by the 
small size PSL sphere is shown as the solid line curve 
5 1054 in Fig. 8. As shown in Fig, 8, small particles 
preferentially scatter at higher angles than a silicon 
surface. It is also known that small particles scatter 
at higher angles than larger particles. Whereas the 
intensity of scattering peaks at around 30-4 0^ for a 100 

10 nanometer PSL sphere, the scattered light intensity 
typically peaks at much lower scattering angles for 
large size spheres (about 1 micron diameter . and 
greater). See curve 1052 in Fig* 8. The device portion 
of system 1010 for collecting and detecting scattered 

15 light from anomalies such as large particles is 
comprised of lenses 1032, a folding mirror 1034, 
aperture 1036, and detector 1042. Mirror 1038, aperture 
1040, and detector 1044 are adapted to detect scattered 
light from smaller particles, and form the device 

20 portion of system 1010 for collecting and detecting 
scattered light from anomalies such as small particles 
and defects . Since larger particles typically scatter 
light at higher intensities compared to smaller 
particles, the detectors 1042, 1044 can be optimized 

25 separately, with detector 1042 optimized for detecting 
large particles and detector 1044 optimized to detect 
smaller particles. By using two different detectors for 
detecting scattered light within two different ranges of 
collection angles, each detector can be optimized for 

30 detecting the respective types of particles and the user 
is not forced to choose optimization for detecting one 
type of particle versus the other. Instead both 
detectors can be optimized to detect their respective 
types of particles simultaneously. 
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The meaning of "large" and "small" anomalies 
discussed above may be phrased in more general terms. 
In general, an anomaly is small if its dimensions are a 
fraction of the wavelength of the electromagnetic 
5 (laser) radiation used to illuminate the surface 
inspected. Thus, the plot of Fig. 8 shows the 
scattering from PSL spheres that are "large" and "small" 
with respect to visible light wavelengths. If radiation 
of other wavelengths are used, then the meaning of 

10 "large" and "small" anomalies will change according to 
such wavelengths. 

If a single detector or detector arrangement is 
chosen to detect the light scattering from both large 
and small particles, a larger dark-field stop must be 

15 employed to prevent near angle (near specular) surface 
scatter from surface 1012 from reaching the detector* 
This would be necessary in order to maintain the 
sensitivity of the detector to low intensity scattering 
from smaller particles ♦ A larger aperture stop would 

20 therefore decrease the sensitivity of the system towards 
light scattering by large particles and also to surface 
scattering characteristics at near specular angles of 
collection. ' This is undesirable. System 1010 of Fig. 
7 avoids such undesirable compromise. Since separate 

25 detectors 1042, 1044 are now employed, the design of 
both light collection and detection subsystems need not 
be constrained so that the range of collection angles 
for lenses 1()32 may be* increased to include the near 
specular collection angles as well. While preferably 

30 lenses 1032 collect light that are scattered in a range 
of 5-20"', such range may be extended to, for example, 3- 
25**. The larger ranges of collection angles would be 
useful for particle and defect 

characterization/classification or surface topography, 

35 in some applications. 



29 



As shown in Fig. 8, light scattering caused by haze 
falls off rapidly with increasing collection angles, so 
that there is negligible l^ight scattering caused by haze 
that is collected by mirror 1038 and directed towards 
5 detector 1044. This further enhances the sensitivity 
and accuracy of system 1010 for detecting smaller 
anomalies. In the preferred embodiment, mirror 1038 
collects and focuses scattered light in the range of 25- 
70"* from the axis of system 1010 towards aperture 1040 

10 and detector 1044. As indicated above, detectors 1042, 
104 4 may be optimized separately to have different 
intensity detection thresholds. 

From the above description, it is seen that beam 
deflector 1024 serves a dual function: to deflect the 

15 illuminating beam so as to provide beam 1014' ' and also 
acting as a stop to shield detectors 1042, 1044 from 
specular and near specular (or semi-specular) diffuse 
reflection. It should also be noted that the 

illumination portion and the detection device portions 

20 of system 1010 are designed so that the illumination 
beam, in its entire path from the laser source until 
surface 1012, does not pass through any lens or lens 
arrangement of the detection system. In the preferred 
embodiment shown in Fig. 7, this is implemented by 

25 placing the beam deflector 102 4 between lenses 1032 and 
surface 1012. An input aperture 1038a in mirror 1038 
permits the illuminating laser beam to be passed from 
beam turning component 1022 to beam deflector 1024 so as 
to enable beam deflector 1024 to be placed between 

30 lenses 1032 and surface 1012, Mirror 1038 is preferably 
ellipsoidal in shape and also preferably substantially 
rotationally symmetrical about axis SR of system 1010, 
so that the same detection result can be obtained 
repeatedly irrespective of the relative orientation of 

35 surface 1012 and of any defects thereon with respect to 
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the illumination and the detection device portions of 
system 1010. Thus the light detected by detectors 1042, 
1044 within the two ranges of collection angles is 
substantially rotationally symmetrical about the axis of 
5 system 1010 upon such light scattering by surface 1012. 

Fig. 9 is a schematic view of a surface inspection 
system 110 0 to illustrate an alternative embodiment of 
the invention. The system 1100 is similar to system 
1010 of Fig. 6 except that the bottom portion of mirror 

10 1038' has a different curvature than the remaining 
portion, so that where the remaining portion focuses the 
light scattered by surface 1012 towards aperture 1040 
and detector 1044, portion 1038b has a different 
curvature so that portion 10 38b together with a beam 

15 turning component 1102 focus light scattered by surface 
1012 towards an aperture 1104 and detector 1106 for 
detection.^ Preferably, portion 1038b is paraboloid in 
shape and it collimates the light scattered from surface 
1012, where the collimated light is focused by a curved 

20 mirror 1102 towards aperture 1104 and detector 1106. 
Alternatively, portion 1038b may have a focal point and 
focuses the scattered light impinging on it towards beam 
turning component 1102 that reflects such light towards 
an aperture 1104 and detector 1106 for detection. 

25 Portion 1038b and component 1102 preferably collect and 
focus light in the range of about 65 to 85 degrees from 
axis SR towards aperture 1104 and detector 1106. The 
remaining portion of mirror 1038' collects and focuses 
light in the range of about 25 to 60 degrees from axis 

30 SR towards aperture 1040' and detector 1044. The lenses 
1032* collects and focuses light in the range of about 
5 to 20 degrees (or even 3 to 25 degrees) from axis SR 
towards aperture 1036* and detector 1042. The use of 
three sets of light collection optics and detectors to 

35 separately detect the scattered light in smaller ranges 
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of angles from axis SR may be advantageous for some 
applications. Obviously, mirror 1038' may have more 
than two portions having different curvatures, in order 
to separately detect the scattered light in more than 
5 three smaller ranges of angles from axis SR* Such and 
other variations are within the scope of the invention. 
Rotational and translational movement of surface 
1012 is caused in a conventional manner so that beam 
1014'' scans the surface along a spiral path* Thus, as 

10 shown in Fig. 9, the semiconductor wafer 1011 having 
surface 1012 thereon may be supported by a supporting 
disk 1072 which is connected to a shaft 1112 having axis 
1074 of a rotary motor 1114 which is in turn fixed to a 
linear translation stage 1116, driven by a translation 

15 motor 1118. The rotary and translation motors are 
controlled in a coordinated manner as known to those 
skilled in the art to cause simultaneous rotational and 
translational movement of surface 1012 so that beam 
1014*' would trace a spiral path on surface 1012. 

20 Surface 1012 of Fig. 7 may be caused to travel in the 
same mariner so that beam 1014*' scans surface 1012 along 
a spiral path. 

In operation, a light beam such as beam 1014'' is 
directed towards surface 1012 in a specified direction 

25 or angle of incidence, causing specular reflection along 
a direction defining an axis. Rotational and 
translational movement of the surface is caused so that 
the beam scans the surface along a spiral path. Light 
scattered by the surface within the first range of 

30 collection angles from the axis is detected by means of 
a first detector. Light scattered by the surface within 
the second range of collection angles from the axis is 
detected by means of a second detector, where the two 
ranges of collection angles are different. Preferably, 

35 the two ranges of collection angles are substantially 
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stationary. Preferably , the axis is substantially 
normal to the surface. 

While the invention has been described above by 
reference to the preferred embodiment, it will be 
5 understood that various changes and modifications may be 
made without departing from the scope of the invention 
which is to be defined only by the appended claims. For 
example, while only one detector has been shown for each 
of the two detectors 1042, 1044, it will be understood 

10 that an array of detectors may be used for each of the 
two detector locations 1042, 1044. Additional apertures 
or aperture stops may be employed in the detection and 
illumination portions of system 1010 than as shown in 
Fig. 7. The illumination beam and the collector light 

15 may also be passed through more or fewer lenses or 
mirrors of different optical arrangements than as shown 
in Fig, ?• All such variations are within the scope of 
the invention. The system described is also 

advantageous for differentiating between scratches, slip 

20 lines, COPs and other topographic features, since one 
type of such defects may scatter light at a larger angle 
to the axis compared to another type of such defects. 



